The main objective of this work is to evaluate the properties of hot asphalt mixtures that have been manufactured with different recycled concrete aggregate (RCA) percentages (0%, 20%, 40%, 60% and 80% of the fraction 5-13 mm) and asphalt (4%, 4.5% and 5%). Dense asphalt mixtures were made; partially replacing the natural aggregate (NA) fraction between 5 and 13 mm. Marshall specimens were manufactured to determine the main properties of the asphalt concrete (AC) in terms of density, voids, stability and deformation. Additionally, the optimal asphalt content (OAC) was determined, and measured the water sensibility, the stiffness modulus and the permanent deformation. The results corroborate the potential for using these sources of construction and demolition waste (CDW) as a RCA in asphalt concrete and show that the hot asphalt mixtures with up to 40% substitution of natural aggregate by recycled aggregate in the fraction 5-13 mm present good behavior.
Introduction
Currently, due to the constant evolution in construction, tons of solid waste are generated resulting from new construction, remodeling, or the demolition of structures [1, 2] . The global impacts of solid waste are growing fast. The indiscriminate use of non-renewable natural resources generates waste without adequate final disposal causing enormous impacts on health, environment and economy. The use of wastes in asphalt mixtures to enhance the performance of asphalt concrete pavement is not a new technique [3] . The quantities of waste materials are growing. The lack of natural resources and the shortage of landfill spaces [4] represent the importance of finding innovative ways of reusing and recycling waste materials [5] . To preserve the environment, conserve natural resources, reduce costs and make rational use of energy, several countries are managing the recycling and reuse of construction and demolition waste (CDW) [6, 7] .
Road construction is an activity in which natural resources are utilized the most in comparison with other branches of civil engineering. In the manufacture of asphalt mixtures, large quantities of natural aggregates (NA) are consumed. These mainly come from quarrying, causing serious environmental effects, as well as significant economic and energy costs.
Consequently, new techniques and research have developed to use the CDW as a NA replacement [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Great advantages are obtained from the use of CDW as a partial or total replacement of NA. Pavement construction is a potential field for reusing waste promoting the reduction of environmental impacts associated with quarrying and transporting aggregates and reducing the accumulation in landfills.
The use of CDW in hot mix asphalt has been widely studied in both their manufacture and its influence in their behavior [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . CDW constitutes a major portion of total solid waste production and it can cover a very wide range of materials. Recycled concrete aggregates (RCA) are aggregates obtained by recycling clean concrete waste where the content of other wastes must be very low. Studies carried out [24, 31, 32] have shown that the density of mixtures with RCA from CDW decreases due to the mortar adhered to its surface as a result of the CDW crushing.
The effectiveness of RCA varies greatly, as does its composition, depending on: (i) the source of production; (ii) the production process; and iii) the original aggregate characteristics [27, 33] . Therefore, the properties of asphalt mixtures manufactured also vary depending on the RCA used.
Some authors [34, 35] found that the RCA incorporation into mixtures entails an increase of their stability. However, others investigators [27, 36] have shown that the stability of the mixtures can decrease depending on the RCA.
Fatemi [30] showed a reduction in the indirect tensile strength (in dry and wet states) in asphalt mixtures with RCA compared with conventional asphalt mixtures. The opposite can be seen in studies carried out by Pérez [36] .
Other authors [37, 38] who have investigated the use of CDW in mixtures have achieved results where the stiffness modulus increases with the RCA incorporation in asphalt mixtures, as opposed to the study carried out by Paranavithana [24] .
A high number of researchers have the criterion of increasing the optimal asphalt content (OAC) with the use of RCA in asphalt mixtures [22, 24, 26, 32, 37] . The mortar adhered to the NA [39, 40] is more porous and less dense than the original aggregate, and seems to be responsible for the loss of RCA quality [22, 24, 36] .
There are many different approaches and results to which researchers have arrived when RCA is incorporated to asphalt mixtures, so this work aims to analyze the properties of hot mix asphalt with RCA for the conditions of Cuba, due to the use of this material being a new technique for Cuban pavement and the government´s priority goal. The determination of OAC and properties such as density, percentage of voids, stability, deformation, sensitivity to water, stiffness modulus and permanent deformation are analyzed for asphalt mixtures with RCA. A partial substitution of NA 5-13mm fractions by RCA at 20%, 40%, 60% and 80% levels.
Materials and Methods

Materials
Four fractions of limestone NA (<0.074 mm, 0-5, 5-13 and 13-25 mm) and RCA from the demolition and crushing of concrete waste were used for developing the asphalt mixture designs-both supplied by the company Holcim Morteros S.A. (Figure 1 ). The aggregate supplier certifies the following percentages of impurities present in the RCA: (i) clays <5%; (ii) lightweight particles <1%; (iii) asphalt <1%; and, (iv) other impurities <1%. Table 1 shows the main properties of the NA and RCA used to manufacture asphalt concrete (AC). The values are the average of three tests. The apparent densities and water absorption after 24 hours were obtained according to the European standard UNE-EN 1097-6 [41] , the values of the Angeles coefficient for coarse aggregates obtained by means of UNE-EN 1097-2 [42] , the flakiness index according to UNE-EN 933-3 [43] , and assessment of fines according to UNE-EN 933-8 [44] . As can be observed in Table 1 , the apparent density of RCA is lower and the 24-h absorption is higher than NA due to the attached mortar, and does not meet with the Cuban standard requirements. The mortar attached is lighter than the original aggregate causing the lower RCA density [45] . The high value of Angeles coefficient is also attributed to the mortar adhered to the original aggregate. When the RCA is subjected to abrasive loading, it fragments easily causing greater wear [33] . Table 2 lists the properties of the asphalt used and the standard used. The requirements established in the European standards UNE EN 12591 [46] of the asphalt are also included in Table 2 . The asphalt used in this research is classified as B50/70 according to the Spanish Technical Specifications (PG-3) [49] . As indicated in Table 2 , the values of the properties analyzed comply with the quality indices.
Asphalt Mixtures Design
In this research, five dense mixtures with a maximum size of 25 mm were made following the Marshall Method set out in NC 261 [50]. To establish the OAC all mixes were manufactured with 4.0%, 4.5% and 5% of asphalt content. After establishing the OAC of each mixture, tests were performed at 25 • C-water resistance, permanent deformation and modulus of stiffness. Table 3 includes the aggregate proportions of each fraction used in the mixtures. Figure 2 shows the aggregate size distribution of the mixtures designed. The distribution is continuous and corresponds to a dense mixture with a maximum aggregate size of 25 mm, according to the NC 253 specifications [51] . Figure 3 shows the X-ray diffraction (XRD) of the RCA used for AC mixtures. To identify the mineralogical phases, the sample of RCA was reduced in size (<63 mm) using a Retsch PM 100 model ball mill. The mineralogical phases were determined by XRD using a Bruker D8-Advance diffractometer. The X-ray tube was operated at 40 kV and 40 mA, and the spectra were registered with angles from 4 • to 60 • at 0.05 • stepping intervals. The mineralogical phases of the samples were quantified by Rietveld using the PANalytical Highscore Plus 4.6 software (Malvern Panalytical, Madrid, Spain). In addition, the chemical composition of the RCA was obtained by X-ray fluorescence (XRF) using a sequential spectrometer.
It can be seen ( Figure 3 ) that the main phase detected in the RCA was calcite (84.2%) followed by dolomite (14.9%)-both minerals are identified commonly in concretes whose natural aggregates used in their production are from limestone origin. In addition, Figure 3 shows Portland cement content with 0.9% Portlandite, which shows the existence of free calcium hydroxide, typical of non-carbonate concretes. It is also noted that the sample of the analyzed residue has a homogeneous chemical composition and does not present any type of contaminant. Table 4 shows the chemical composition of the RCA used, where it can be seen that the predominant chemical compound is calcium, a major element in both the limestone aggregate and the cement paste surrounding the RCA. The RCA sample was examined with a scanning electron microscope (SEM) ( Figure 4 ) using a Hitachi S3000N. For the morphological analysis, small fragments of the aggregate were obtained and dried in an oven at 60 • C to avoid altering the sample. Once dry, the small fragments were metallized (30 nm layer) with Au-Pd in Argon atmosphere to increase the quality of the images. The properties of the interfacial transition zone (ITZ) have a significant impact on the macro mechanical properties. As can be seen in Figure 4 , these transition zones are subject to fissures, and may affect the mechanical characteristics. 
Experimental Methodology
Marshall Method
The properties of the AC mixtures were obtained according the Marshall methodology-NC 261 [50] . The specimens were compacted with 75 strokes per side. Six specimens were manufactured (three for the stability and deformation test and three for obtaining the density and voids) for each percentage of asphalt. The OAC was then established in terms of voids following the specifications proposed by the Spanish Technical Specifications Document (PG-3) [49] .
Water Sensitivity
For the analysis of the AC water sensitivity, a set of six cylindrical specimens compacted with 50 strokes on each side was manufactured. The set was divided into two subsets of three specimens.
One subset was kept dry at 25 • C for 4 h before testing, while the other was saturated and kept in water at 60 • C for 24 h and then at 25 • C for 4 h as indicated the NC 253 [51] .
After conditioning, the indirect tensile strength of each subset was determined in accordance with EN 12697-23 [52] . The ratio between the indirect tensile strength of the saturated-conditioned subset and that of the dry-conditioned subset expressed as a percentage value (Indirect Tensile Strength Ratio-ITSR) was then determined.
Stiffness Modulus
The stiffness modulus was determined in the mixtures with the OAC according to Annex C (indirect tensile stiffness modulus) of UNE-EN 12697-26 standard [53] on cylindrical specimens. To determine the stiffness modulus of stiffness, the specimens were conditioned at 25 • C in a temperature-controlled chamber during 24 h before the test was performed.
The mixtures were compacted with 75 strokes per side. After the specimens were conditioned, five test pulses were applied along the vertical diameter of each cylindrical Marshall specimen. The load had a rise time of 124 ms and a repetition period of 3 s equivalent to a frequency of 0.33 Hz. The maximum load applied was selected to produce a maximum horizontal deformation of 0.005% of the specimen diameter. The test procedure was repeated on a perpendicular diameter. A Poisson coefficient of 0.35 was assumed. The average stiffness of the five test pulses of the two perpendicular diameters tested was recorded as the modulus of stiffness of the AC sample.
Permanent Deformation
The permanent deformation measurement was carried according to UNE-EN 12697-22 standard [54] . The samples were prepared according to UNE-EN 12697-33 [55] (dimensions of 300 × 260 × 60 mm compacted using a plate). The samples were conditioned for 16 hours before the test. The test was carried out at a temperature of 60 • C with a back-and-forth 714 ± 10 N loaded wheel (with a 600 ± 30 kPa pressure) for 10,000 cycles. The permanent deformation was determined according to Equation (1) following the standard [54] .
where P i is the percentage of the rutting depth; m ij is the local deformation in mm; m oj is the initial measurement in mm and h is the thickness of the sample in mm.
Statistical Analysis
To statistically determine the significant influence of the different percentages of RCA and asphalt content on the parameters of the mixtures manufactured, the unidirectional and bidirectional analysis of variance (ANOVA) were used. The independent variables were: (i) density; (ii) air voids and voids in the mineral aggregates; (iii) Marshall stability; (iv) Marshall deformation; (v) indirect tensile strength in wet and dry conditions; (vi) stiffness modulus and; (vii) permanent deformation. The study was carried out with a significance level of 5%.
Water sensitivity, stiffness modulus and permanent deformation were measured only for the OAC.
Results and Discussion
Marshall Analysis
As can be seen in Figure 5 , the densities of the mixtures decrease as the percentage of RCA increases, which occurs due to the lower specific weight of recycled aggregates compared to natural aggregates ( Table 1 ). The same behavior was observed in others investigations [22, 24, 32, 36] .
The ANOVA analysis carried out showed that the percentage of recycled aggregate has a significant influence on the density of the mixtures (p-value = 0.0023) while the percentage of asphalt does not have a significant influence on the density of the mixtures (p-value = 0.156). The voids in the mineral aggregates and the air voids in the mixture increase with the addition of RCA to the AC, as can be seen in Figures 6 and 7 , respectively. This variation is due to the high porosity of RCA [22, 24] . The ANOVA analysis carried out showed that the percentage of RCA had a significant influence on the voids in the mineral aggregates (p-value = 0.015) while the asphalt content did not have a significant influence (p-value = 0.282). As previously mentioned, it can be observed in Figure 7 that, as the percentage of RCA increases, the voids in the mixtures show an ascending behavior. This happens due to the fact that the RA is more porous and has higher absorption than a conventional aggregate. Consequently, there is less asphalt to cover the aggregates because the effective asphalt content at same binder content will be reduced due to the higher absorption and therefore the voids increase as the percentage of RCA increases. In addition, as the asphalt content increase in the mixtures, the air voids in the mixtures decrease due to the fact that the asphalt occupies the volume of the air in the mixture [33] .
The ANOVA analysis carried out showed that the percentage of recycled concrete aggregate had a significant influence on the air voids (p-value = 0.0117) as well as the asphalt content (p-value = 0.00024). Figure 8 shows that the behavior of the mixtures with different asphalt content were different in terms of Marshall. The mixture with 4% asphalt content remained stable while for 4.5% and 5% asphalt content the stability increased when RCA also increased. In a general, the increase of stability was observed when the RCA content also increased. This behavior was ratified in researches [34, 35] . It was also evident that, as the percentage of asphalt content increased, the stabilities of the mixtures decreased due to the deformability that the asphalt provided them. According to the ANOVA analysis carried out, the percentage of RCA did not have a significant influence on the stability of the mix (p-value = 0.062) while the percentage of asphalt did have a significant influence on it (p-value = 0.0054). Figure 9 shows that deformation measured decreased when the RCA content increased. This was due to the cement adhering to the RCA and its self-cementing property that makes the mixtures less deformable, as is the case in researches [34, 36] . Furthermore, an increase of the mixtures deformations was observed when increased asphalt content because the mixtures was more deformable.
The ANOVA analysis showed that the RCA and asphalt content had a significant influence on the deformation of the mixture (p-value = 0.00812 and 0.0013, respectively).
The optimal asphalt content (OAC) was determined when the volumetric and mechanical properties of the mixtures were analyzed following the Marshall method [50] and the specifications proposed in PG-3 [49] . Figure 10 shows the OAC in the mixtures studied. As can be observed, the OAC increased when the RCA content was higher as a consequence of the higher RCA absorption than the natural aggregate (Table 1) . This high absorption is due to the high porosity of the mortar adhering to the original aggregate, as several authors have reported [22, 26, 36, 37] . Furthermore, it can be seen that up to 40% of RCA content, the increase in the OAC is not as significant as that of mixtures with 60 and 80% of RCA content. Figure 11 shows the results of the Marshall parameters obtained for mixtures manufactured with the OAC selected as showed Figure 10 . As can be observed, the air voids in the mixture (Figure 11b ) and the voids in the mineral aggregates (Figure 11c ) increased with the content of RCA as a consequence of the reduction in the bulk mixture density (Figure 11a )-as previously mentioned, the RCA is more porous than the NA. It can also be seen that the Marshall stability (Figure 11d ) increased with the RCA content. As mentioned, this was due to the self-cementing properties of the RCA. The mortar adhered to the surface provoked an increase in deformations (as can be observed in Figure 11e ), because it makes difficult the proper adhesion between the asphalt and the RCA [33] and, as a consequence, provokes less load absorption and therefore an increase of the deformations in the mixtures.
Water Sensitivity
As can be seen in Figure 12 , an increase in the ITSR was determined in the mixtures when RCA content increases in the mixtures manufactured, complying with the technical specifications established in the Spanish recommendations (ITSR ≥ 85%) [49] . This behavior is also observed in other research [37, 56] . The ITSR increase is due to the addition of RCA, which is accompanied by an increase in the OAC as noted previously ( Figure 10 ). As can be seen in Figure 12 , there was decrease in the indirect tensile strength when the RCA increased as a consequence of the cement adhering to the original aggregate. The cement attached causes a loss of adhesion between the RCA and the asphalt. However, the indirect tensile strength after immersion increased with the content of RCA up to 40%. This is caused by the contact of the cement attached in the RCA with the water that activates its self-cement properties. The adhesion between RCA and asphalt is not affected in this condition [57] . The indirect tensile strength in wet conditions of the mixtures with 60% and 80% of RCA content decreases below the control mixture. This might be due to the instability of these mixtures caused by the RCA abrasion when they were manufactured during the mixing and compaction processes [33] .
The ANOVA analysis carried out showed that the percentage of RCA had a significant influence on the indirect tensile strength in dry and wet conditions (p-value = 0.0457 and 3.23E-14, respectively). 
Stiffness Modulus
According the Spanish recommendations, the stiffness modulus of the mixtures should be between 2500 and 8000 MPa at 25 • C [49] ; and according Comunidad Valenciana recommendations [58] it is stated that, for this type of mixture, the stiffness modulus should be between 3500 and 9500 MPa. As can be seen in Figure 13 , all mixtures met the Spanish recommendation, while only the mixtures with 0%, 20% and 40% RCA content met the Comunidad Valenciana recommendations. In Figure 13 , it is clear that as the percentage of RCA in the mixtures increases, the stiffness modulus of the mixtures decreases, this is attributed to the fragility of the mortar adhering to the RCA, in addition to the increase in the demand for binder ( Figure 10 ) that the mixtures with RCA perceive. The same tendency was observed in the Marshall modulus ( Figure 11e ) and as has happened in research [24, 32] . The same tendency is observed when the load cycles increases as expected [59] . According to ANOVA, the RCA content has a significant influence on the stiffness modulus of the mixture (p-value = 9.4088E-8). 
Permanent Deformation
Partial replacement of natural aggregate by RCA does not significantly affect the rutting resistance of asphalt mixtures. As can be observed in Figures 14 and 15 , there was a slight reduction of the deformation slope when RCA content increase from 0% to 40%. The RCA structure and texture, i.e., its rough surfaces and sharp edges (Figure 4b) , which are the result of being crushed multiple times, increased the specific surface area and friction between aggregate particles and helped to improve resistance to permanent deformation [4] , as reported in scientific literature [31, 60] . However, in the mixtures with higher RCA content (60% and 80%), the deformation slope and the rutting depth increased, as reported in [32] , probably due to the combined effects of an increased asphalt content and RCA led to a slightly higher permanent deformation, exceeding the limit of 5 mm recommended in PG-3 [49] and reported in [4] .
The ANOVA carried out showed that the percentage of recycled aggregate had a significant influence on the stiffness modulus of the mixtures (p value = 0.00487). 
Conclusions
In the present work, hot asphalt concrete mixtures manufactured with recycled aggregate from demolition waste were evaluated. The substitution of 20%, 40%, 60% and 80% of the 5-13 mm fraction was carried out and the properties of each mixture analyzed with regard to a control mixture (natural aggregate). Based on the results of the laboratory tests and analyses from this study, the following conclusions are summarized:
•
As the percentage of recycled concrete aggregates in asphalt mixes increases, volumetric properties such as air voids and voids in the mineral aggregates increase causing a reduction in their bulk densities.
•
As the percentage of recycled concrete aggregates in mixtures increases, the demand for bitumen increases.
The behavior of the mixtures with regard to compression loads and water sensitivity are favored by the incorporation of recycled concrete aggregates only until 40% of RCA.
The permanent deformation resistance of mixtures with recycled concrete aggregates meets specifications up to 40% substitution. • According to ANOVA, the percentage of recycled aggregate has a significant influence in all the parameters of the mixtures except their Marshall stability.
In spite of finding contradictory values in the scientific literature, which highlights the nonhomogeneity of the RCA compared to natural aggregates, RCA appears to be suitable to use in asphalt concrete. It should be noted that asphalt mixtures manufactured with RCA can meet generally different specifications and they can withstand traffic loads. However, the poor quality of RCA (depending on the source of the material) can affect the engineering properties of the asphalt mixture. This research contributes to demonstrate the suitability of the RCA used as partial replacement of natural aggregates for use in asphalt mixtures. 
